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REPORT SUMMARY

• The research described in this report was carried out under the

direction of Professors W . Flygare, Jr. and J . Jonas of the Department of

Chemistry , Professors N. Klein and W. McMillan of the Department of Physics ,

and Professors N . holonyak, Jr., C. T. Sah , and G . St iliman of the Depart—

ment of Electrical Engineering as an integral part of the interdisciplinary

research program of the Materials Research Laboratory of the University o

• • Illinois.

Tech n ical P roblem

• The research described in this report investigates two areas of major

concern for t~ie development of improved materials .

(a) Research on Semiconductors : The principal concern is to develop improved

light emitting , laser , semiconducting diodes , near infrared photodiode de—

• tectors , and control defects and impurities in silicon diodes , transitors aod

• Integrated circuits . Emphasis has been on the properties of the compound

semiconductors GaAs , InP , GaASXP1 X , In1 ~Ga
~
P, In 1 ~

Ga
~
P1_~

As
~ 

for light

emitters and detectors and on silicon for solid state circuit devices .

• (b) Research on Disordered Materials: Emphasis has been placed on the de—

• ‘ termination of the dynamic structure of liquids including water , polymers ,

liquid crystals , superionic conductors , layer compounds and hydrogen in metals .

General Methodology

(a) Research on Semiconductors : Diodes and single and double heterojunctions

I 

were fabricated by liquid phase expitaxial growth . Optical absorption and

luminescence measurements were made to determine the performance of the

_ _ _  _ _ _ _ _ _  - • - -- -—
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• devices and clarify the electronic mechanisms involved in their operation.

A novel capacitance technique was used to determine the concentration and

• properties of defects introduced into silicon devices during thermal pro-

cessing and integrated circuit manufacture .

(b) Research on Disordered Materials: Sophisticated light scattering tech—

• ntques , nuclear magnetic resonance, viscosity and elastic constant measure—

ments as a function of pressure were the principal techniques . The experi-

mental research was closely coupled with extensive theoretical developments .

• 
Technical Results

(a) Research on Semiconductors

Laser diodes of InGaPAs which operate in the visible yellow region of

the spectrum were developed . These laser diodes operate at shorter wave-

lengths than any other 111—V compound system .

Liquid phase expitaxial layers of controlled thickness and properties

on GaAs and InP substrates for photodiode detector devices were prepared and

the initial evaluation of the device characteristics begun .

The properties of tantalum , gold , and aluminum—oxygen centers in

silicon were determined .

1
• (b) Research on Disordered Materials

• Intermolecular forces and orientational pair correlation of molecules

• .
~~~

‘ in liquids were determined and correlated with electric dipole moments .
• ~-

.

Molecular size and shape were found to determine primarily the orlentational
• •

1 •~4 •~ nair correlationsI ~ 
I .

The l imita t ions  of the hard sphere model of a l iquid were quan t i ta t i ve ly

j

~

j

~~~~~~~~~~~~~~~~~~~~~eal~~~~~~~~~~ sel s ion , viscosity and pressure-volume-temperature
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data. Angular momentum correlation time data showed that the effective hard

sphere diameter of molecules is temperature dependent. The Stokes—Einstein

equation was found to be remarkably precise with the slipping boundary con-

dition well satisfied . The molecular conditions that yield these results

were clarified by the data. At high pressure , the interesting result was

obtained that the anomalous properties of water revert to more normal he—

havior with major changes in the hydrogen bond network. The effect of pres-

sure on the glass transition of several elastomers including natural rubber

was determined.

Raman scattering studies yielded detailed information concerning the

silver ion mobility in the superionic conductor f~—Ag 2HgT , and Agi. Informa—

tion concerning interatomic forces and bonding in titanium cnrbide were ob-

tained by this technique . The growth of oxide layers on niobium was studied

• by Raman scattering and scattering from hydrogen in palladium observed .

Proposed theories of the critical behavior near the smectic A to nematic

phase transition of liquid crystals were shown to be faulty. Theoretical

molecular models of the smectic C and F phases were completed .

Experimental data were obtained that exposed the inadequacy of current

theories of charge density waves in the transition metal dichalogenides and

,\]5 compounds. The reasons for the failure of the theories was determined to

be primarily the neglect of phonon entropy . As a result , a satisfactory theory

has been developed . A two dimen sional version of Landau ’s quantum hvdro—

dynamics was used to est~b1ish a theory of superfluidity In two dimensional

~~~
. 

~ submonolayer He~ films.

~
.
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Special Comments

Examination of the individual project reports which follow reveal the

extensive pattern of collaboration among the investigators supported by this

contract. This collaboration included the preparation and sharing of mate—

rials, the performance of measurements, and cooperation in the development

of theories based on the experimental data. Collaboration was not confined

to the groups supported by this contract but extended to important inter-

actions with groups and individuals supported by other Federal agencies .

The semiconductor research of Prof. N. Holonyak benefited immensely as a

result of cooperation with investigations of the Monsanto Chemical Company

and the liquid crystals and phase transition work similarly was assisted by

interactions with the Bell Telephone Laboratories.

Of the 77 publications resulting from the research supported by the

contract , 26 publications or 34% were coauthored by collaborating in-

vestigators.
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Final Project Report

Luminescence, Lasers, Carrier and Impurity Effects in Compound Semiconductors

N. Holonyak, Jr.

Techn ical Pr oblem

E
In this project we have been concerned with two areas of work: 1) The

quaternary In1_~
Ga
~
P1_~

As
~ 
has been grown , via liquid phase epitaxy (LPE), and

fabricated into single and double heterojunction laser diodes that extend

further into the visible (yellow) than does any other 111—V system. As part

of this work, we have studied the behavior of the quaternary and its two

ternary boundaries GaAs P and In Ga P. 2) Because of its practical im—l—y y l-x x

portance (in making the indirect crystal quasi—direct) and its fundamentally

different behavior in a ternary than in a binary, we have studied further the

behavior of the nitrogen trap in GaAs
1 

P ;  this has been accomplished by

means of absorption , photoluminescence , and high pressure measurements , the

last on homo— and heterojunctions . We have established that the N trap in

GaAs P , and in In Ga P, exhibits both short range and long range behavior.1-y y • l—x x

Technical Results

: InGaPAs
I

Although it is certain that In Ga P As can he grown via vapor
l—x x l—z z

phase epitaxy (VPE), in this work it has been more convenient to use LPE to

grow single and double heterojunctions on GaAs1_~ P~ substrates . For both

single and double heterojunctions we have employed a cylindrical slider boat

(positioned in a small temperature gradient) and have determined that melt

• wipe—off after the growth of each layer is perhaps the most important LPE

p rocess problem,1 particularly for In—rich melts suitable for large energy

gap layers.
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For the case of single heterojunctions , the active region of the

structure lies in the GaAs1_y Pv substrate.
2,3 This has made it possible

to study a number of the fundamental properties of the N trap in

(;aAs P in the region near the direct—indirect transitlon.’
~~
8 We mention

that as part of this work we have determined , via the first successful

direct—gap exciton absorption measurements in a Ill—V a1loy ,~~’~
0 that the

di rec t - indirect  t ransi t ion in GaAs1 P lies at Y ~c ~ 0.45 (77°K) and

in In Ga P at x E x ~ 0.72 (77°K).1-x x C

U t i l i z ing  GaAs1_y Py as a substrate , we have succeeded in growing

In Ga P As DH la ser diodes that  operate in the yellow at 77° Ki~~~
12

l—x x l — z z

These laser diodes have been operated also in external grating cavities

and have demonstrated to what extent ‘~homoge neous ’~ or “ inhomogeneous ” b road-

ening can be expected in a diode laser.13 ,1~ As the LPE crystal growth art

has imp roved , it has p roven poss ib le  to ope rat e In 1 ~
Ca P 1 As DII laser

diodes (1d40 meV heterobarrier) at room temperature with pulsed current

de n s i t i e s  of ~2xlO~X/cm2.15 The heterobarrier height can be increased to

250 meV without sacrificing the capability of laser operation (300°K) at

~65OO A .
16 These results indicate that when more sophisticated stripe—

geometry diode structures are emp loyed , and the LPE layer growth is further

developed , it should be possible to operate red—orange In1 
Ga P

1 
As DII

laser diodes continuously at room temperature. The composition (xe , Z~~) ;lt

which these quaternary laser diodes become limited by the direct—indirect

transition (x
~
—O.S2z

~ 
= 0.73, 77° K; x~~O.5lz~ = 0.72, 300°K) has been de-

termined by pressure measurements ’7 and by observation of diode “freeze—out ”

j 
• 

(300-’77°K) or impedance increase for lattice—matched wide—gap In
1 ~~~~~ 

As

(x 
~~~ 

z ~, 0.01) layers grown on successively higher  composition GaAs 1 P

suhstrates.F

___________ - - rn—— - ____ ——  - — —_____
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NITROGEN TRAP IN Ill—V ALLOYS

• By means of absorption , photoluminescence and electroluminescence

• measu rements on In Ga P:N 0
’

19
’2° and by a large series of measurements1—x x

on GaAs 1 ~~~~~~~~~~~~~~~ we have shown that the previous assignment of an

NN—pair recombination transition 27 in these alloys (analogous to GaP:N be—

havior) is in error , and that this transition , now labeled Nx, is due to

recombination at a single N site. Theory , with measurement ,8 shows that the

N t r ap in GaAs P (and in In Ga P) exhibits a combination of long—range
• l—y y l—x x

and short—range behavior , the latter being most important for light emitting

purposes (indirect crystal).26 ’27 The two long—range states , Nr 
and N

~
, are

associated with the r and X hand minima .7’8 The state N \S~ wiich is useful

in indirect crystal for light emitting diodes (LED’s),2~ is basicall y fairl y

weak except fo r the oscil lator s t rength  coupled in to  th i s  t r ans i t ion  by the

short—range state , N.8~
2’ Pressure measurements on In Ca P As —

l—x x l—z z

CaAs
1

P:N heterojunctions2’
7
’
25 in the composition range where the short—

range t rap , N , is degenerate wit h N r and whe re N x is degenerate with N r in—

• dicate strong interaction and splitting of these states at the crossover

compositions. 7

• Imp lications for Future Research

We have demonstrated that the quaternarv In Ga P As can he used
• 1—x x l—z z

to fabricate single and double heterojunctions , the latter able to operate

weU into the yellow portion of the spectrum . This is the highest energy

• diode laser system yet demonstrated . Although it is not yet proven , the

~~~~~~~~~~~~~ 
system potentially is capable of lattice—latching when one

layer is grown epitaxiall y on another. For technological reasons it is im—

portant that this alloy is free of Al and its difficult oxides .

- S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Based on experiments conducted on In Ga P and GaAs P , we have1—x x 1—y y

been able to show that the N trap in these alloys exhibits a combination

of long range and short range behavior and that NN—pair recombination

transitions (unlike in GaP:N) are not important. This work is useful in

• hel ping to clarify the recombination mechanisms that are important in

certain classes of LED’s.

• Both of these areas of study are far from comple te and require morc

• work. Based on the work reported here , i t is likely that a CW , room tem-

perature visible (~ 65O0A) D}~ diode laser can he buil t; ;~lso , it is likely

tha t the work we describe here , pursued further , will improve LED ’s b y a

fac tor of 10.
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Final Project Report

Compound Semiconductors for Near Infrared Detectors

C. Stiliman

Technical Problem

This project was initiated in July 1975, to study various Ill—V corn—

pounds for applications in near infrared photodiode detectors. The performance

of silicon photodetectors  that  are available commercially is l imited by a

response time—quantum efficiency product at wavelengths longer than about

0.9 ,im because of the low absorption coefficient of silicon in this wave—

• 
length range. Photodiodes in direct band gap Ill—V compound semiconductors

do not have the same limitation and are inherently capable of much shorter

(transit time limited) response times at a given quantum efficiency . For

highest sensitivity in wide bandwidth detection applications it is also de-

sirable to operate the detectors with avalanche gain, and the larger the dif—

ference in electron and hole ionization coefficients , th e higher the sensi-

tivity that can be obtained in a properly designed device. The initial

objective of this project was to establish a laboratory for the liquid phase

epitaxial growth of GaAs and InP, the general characterization and evaluation

of semiconductor material , and for the fabrication and evaluation of photo—

• diode detectors. The second objective was to fabricate special device struc—

tures which will permit the accurate determination of the electron and hole

impact ionization coefficients over a wide range of electric fields above and

below room temperature. Besides being of interest for the design or avalanche

photodiodes , these parameters are also of great importance in IMPATT device

analyses .
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General Methodology

The slider boat liquid phase epitaxial technique was chosen for th~

• initial growth of GaAs and InP to be used in near infrared detector app lica—

tions because of its versatility for multiple layer growth and because of

Its relative simplicity. Separate systems have been set up for the growth

of GaAs and lnP. The InP LPE system incorporates a transparent gold furnace

to permit accurate determination of the liquidus and solidus temperatures

for a given melt composition . The growth techniques presently being utilized

i n c l u d e  supersa tura t ion, cons tan t—tempera ture , and ramp down g rowth .

For the characterization of the semiconductor material grown, facil-

ities have been set up for Hall effect measurements at room temperature and

li quid nitrogen temperature , and for C—V measurements and anal yses using

Schottkv barrier diodes . In addition , optical facilities exist for the

measurement of transmissi on andtor absorption over the wavelength range from

the near ultraviolet out to about 50 ~.im , and these measurement techniques

are used to evaluate the quality of the material (deep levels, etc.) and to

determine the band gap of semiconductor alloys.

The fabrication of wide bandwidth photodiode detectors requires thc

use of photolithographic processing techniques, and a small facility which

permits this processing has been set up in collaboration with Professor

Nick Holonyak , Jr. Included in this facility are photoresist and two inch

mask a l ignment  equipment , and the capability of depositing pyrolytic Si02,

SiON and S13N4 for use in passivation, pattern definition , and masking for 
*

diffusion and etching. An alloy station which uses an HCJ—H 2 atmosphere is

employed for the low temperature preparation of ohmic semiconductor contacts.

The characterization of the photodiode detectors includes measurements
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S of quantum efficiency., relative spectral response, noise , and response time .

For the measurement of quantum 5 efficiency , a spot measurement is made using

a HeNe laser and a calibrated photodiode. The spectral quantum efficiency

and the spectral responsivitv are then determined by using the spot measure-

ment to calibrate relative spectral measurements made using a thermocouple

4 reference detector and a monochrometer with a tungsten light source. Standard

laboratory techniques are used for the noise and response time measurements.

Technical Results

Li quid phase epitaxial layers with good morphological and electrical

characteristics can now be grown routinely on <100> and <lll’ N+ and high

resistivity Cr—doped substrates. There is generally good agreement between

the experimental layer thickness and that calculated using diffusion limited

growth models , so that the layer thickness can be controlled quite accurately

for thicknesses greater than 1 an. This is important for the design and

f ab r i ca t ion  of both photodiodes and particular structures for electron and

hole ionization coefficient measurements. The doping can generally be con—

trolled quite well in the low 1015 cm 3 range, as confirmed by Hall coeffi—

cient measurements of the layers grown on insulating substrates and by C—V

.5 
~. measurements of the layers on conducting substrates. This growth technique

Is now being used to fabricate special structures for the measurement of

electron and hole impact ionization coefficients. As the InP growth pararn—

eters are determined , these measurements will be extended to this material ,

-J and following this to InGaAsP quaternary epitaxial layers for longer wave—

length near infrared applications.



- -
~
--

~
—-

~~~ _ _ _ _T

18

PUBLICATIONS (SINCE JUN E 1, 1975)

C. E. Stillman , “Ionization Coefficients in GaAs and Related Compounds ,”
International Symposium on Gallium Arsenide and Related Compounds,
Edinburgh , September 1976.

C.. E. Stiliman , C. M. Wolfe , and D. M. Korn , “Donor Impurities in GaAs :
Evidence for a Stoichiometric Hydrogenic Shallow Donor Level ,”
Thirteenth International Conference on Physics of Semiconductors ,
Rome , 197 6.

- • P. D. Wright , J. J. Coleman, N. Ilolonyak , Jr., M. J. Ludowise and C . H.
Stiliman , “Homogeneous or Inhomogeneous Line Broadening in a 4emicon—

• ductor Laser: Observations on 1n1 Ga P
1 

As Double Heterojunctions
in an External Grating Cavity ,” AppL ~hys~ L~tt . 29, 18—20 (1976).

P. 0. Wrigh t , J. J. Coleman, N. Holonyak , Jr., M. J. Ludowise , and C. H.
St illman , “In 

— 
Ga
~
P1 ~

As
~ 

Double—Heterojunction—Laser Operation
(77°K, Yel1ow~ ~n an External Grating Cavity,” J. Appi. Phys. 47,
3580—3586 (1976).

Theses

None

Fl

S at

2

_ _ _  • • . -- - -—~~~~~~~~~~~~~~~
- . - • -  - -5 -  -S--~~~~~~



- __-55•V~7~ •~ 
•• •••~ •• S •~~~ •-5 -5 -- ~ -• ••.~~•~fl. 

__  .-5fl~~~• S

19

Final Project Report

Propert ies  of Recombination Centers in Semiconductors

C. T. Sah

Technical  Problem

This project studies the recombination and diffusion kinetic properties

of impurity and defect recombination centers in sil icon in t roduced  dur ing

crystal growth and subsequent high temperature processing steps commonl y used

in integrated circuit manufacturing. The capacitance—voltage and transient

capacitance techniques are used to determine thermal emission rates of elec—

tro i is  and holes , the energy level and the concentration profile of these

cen t e r s .  Detai led s tudies were made fo r  Ta and a luminum—oxygen centers  as

well as low temperature diffusion of gold into an aluminum sink in silicon.

Technical Results

Detai1~ d measurements of the parameters characterizing the generation

and recombination properties of electrons and holes at Ta centers in silicon

have been made and reported .1 High concentrations of Ta were introduced into

the silicon melt but only a small fraction is electrically active in the

grown silicon crystal.

~~1 The e f f e c t  of the s ta t ionary  trapped charges at recombination centers

located at  the  ed ge of the  space charge region of p—n or Schot tky ba r r i e r

junction has been analyzed and determined experimentally . The model including

t h i s  s t a t i o n a r y  charge has been used to evaluate the spatial variation of the 5,

concentra t ion of the recombination centers in the region very near the p—n
I

junction or the metal—semiconductor interface. One interesting result ob—

tam ed is the high diffusion rate of gold from silicon into the aluminum sink *
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at 450°C in an Al on n—Si Schottky barrier diode structure. It shows that

gold outdiffuses into the aluminum sink following the simple diffusion law

which gives an erf concentration profile with diffusivities consistent with

those extrapolated from 800 to l2000C.2

The capacitance—voltage method has been applied to the determination

of impurity concentration , resistivity and conductivity mobility in p—type

silicon . The impurity and carrier concentrations are obtained from the

capaci tance—voltage measurements made on Al on n—Si Schottky barrier diodes

while the resistivity is measured on an ohmic diode adjacent to the Schottky

diode . The analyses3 of the data had neglected the deionization effect at

low temperatures which is not justifiable. A revised calculation of the

experimen t has been undertaken and will be submitted for publication .

The capacitance transient technique has also been app l ied to the stud y

of t he  traps produced during heat treatment in aluminum—doped silicon . There

has been some interest in Al—doped p—type silicon in certain IR app lications

due to the larger thermal activation energy of aluminum in silicon. Detailed

measurements have shown that the defect centers detected are aluminum—oxygen

complexes which produce three hole—trap levels and one electron—trap level in

the silicon band gap . The complexes break up at 1000°C or above and the

oxygen member of the complex diffuses toward a heavily phosphorus doped layer.
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Fina l Project Report

Li quid Crystals and Phase Transitions

S • W. McMillan

H Techni cal Problem

This research was concentrated in two areas: liquid crystals and

-

, 

4 charge density waves.

In liquid crystals the technical problem is to gain a microscop ic

S unders tanding of the liquid crystal phases and their phase transitions.

The pr inci pal experimen tal method used is Ray le igh light scattering and

a new optical method for measuring elastic constants. The p r i nc ipal

theoretical tools have been microscopic mean field theory , phenomenologi—

cal Landau theory, and renormalization group methods. We have perfected

a new high precision opt ical method for measuring elastic constants and

viscosity coefficients of liquid crystals in the nematic. phase. We have

used this me thod to study the critical behaviour near the smectic A to

nemat ic phase transition in CBOOA (cyanobenzylidene—octvloxyanlline).

a These new results, together with our Rayleigh scattering measurements ,

• show that all the proposed theories of the critical behaviour are incor—

rec t. On the theoreti cal side we have comple ted a series of papers on the

laaindau theory approach on several phase transition problems , a

41

General Methodolqgy

In the stud y of charge density waves (CDW) in met als the thrust has

been mainl y theoretical , in collabora tion with exper iment ers Fred Brown,

Bob Craven , Miles Klein and the Bell Labs group . The overall objective is

to co n s t r u c t  a q u a n t i t a t i v e  theory of CDWs in the  t r a n s i t i o n  m e t a l
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dichalcogenides (2H—TaSe
2
) and to test it by comparison with experiment.

A Landau approach has been very useful in describing the phase transitions

and the defects (CDW dislocations and discommensurations). We have ro—

I

r .

~ 

cent lv  shown tha t  previous microscopic theories  cannot describe CDWs in

2H—Ta Se
2 

and have reformulated the theory . We have calculated lattice

d ynamics  in the  d i s t o r t e d  phase in order  to i n t e r p r e t  K l e i n ’s Raman d a t a .

In addi tion we have studied superlattice formation in 1T—TiSe
2 
with x rays.

Technical Results

We measured the twis t elas tic cons tan t K22 and the viscosity 
~ 

of

CBOOA near the smectic A—nematic transition TAN using the standard Ray le igh

scattering technique and wi th tempera ture con trol and homogenei ty better

than .001°C (at 83°C). Our results fit

• K~~~(T) = + C/ (T —

with v 0.5 with a similar expression for ‘
~~~~~

. This re~ u1t con trad ic ts

deGennes analogy to liquid helium (v = 2/3) and Halperin et al. ’s pred ic-

tion of a first order transition.

j We have developed a new experimental  technique of fo rc ing  a smal l

d i s t o r t i o n  on the liquid crysta l  using an ex te rna l  magne t i c  f i e l d  and
‘

1

mea sur ing the dis tor t ion using a sens it ive op tical in terf erence techn ique.

The method  y ields hi gher precis ion than Raylei gh s c a t t e r i n g  and is u s e f u l

a w l t h i i n ~~- .003° C of the phase transition . The standard Freedericksz method

imposes large distortions and fails .1°C above the t r a n s i t i o n . Our r e s u l t s

for the band elastic constant are similar to (1) with v = • 73. This re—

suit contradicts mean field theory (u = .5). We have therefore shown that

all the theories of the critical behaviour are wrong. These results also
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ind ica te  that  there is an essential anisotropy in the c r i t i ca l  behaviour

with the transverse and longitudinal correlation length having different

S 
exponents , a result suggested by my early x—ray study and by L i t s t er ’ s

light scattering study in the smectic A phase. The experiments indicate

t ha t  the theory will  hav e to be reformulated keep ing the anisot ropy in mind .

The molecula r th eo ry of the smect ic  phases is essen tially complete;

a model of the smectic F phase wil l soon be published . The molecular model

of the smectic C phase (o r ientat ional  ordering due to dipole—di pole inter-

actions) is still controversial. However, experiments in progress (Doane

at Kent State and Blinc in Yugoslavia) should settle the question .

In a ser ies of pape rs we have established the Landau theory approach

S to cha r ge dens ity waves in transition metal dichalcogenides and in A 15

compounds . This approach has been very useful and very successful. With

the completion of the heat capacity (Cravens) and Raman (Klein) experiments

in Urbana there is enough experimental data to test the proposed micro—

-
• scopic theories of CDWs. The proposed theories all fail to describe the

data .  The technical reason that  the theories fail is t ha t  they assume a

• long correlation length in a BCS—like energy gap model. The theories simp ly

neglect  the phonon entropy . We have shown that for 2H—TaSe2 the phonon en—
I

tropy is dominan t and have reformulated the theory according ly. The next

step is to include the correct band structure in the theory and to check It

against the deHaas—van Aiphen (Graebner) and deHaas—Shubnikov (Coleman)

data. At least for the dichalcogenides the experiments seem to be pushing

us rapidly toward a viable microscopic theory . A very fruitful collabora— S

tion with Miles Klein on the Raman experiments , Bob Craven on the heat ca—

pacity measurements and Fred Brown on the study of lT—TISe2 has developed

_ _ _ _ _ _ _ _  -- -5 -—



“
~~~~~~~ 

-- -

26

within the Materials Research Laboratory .

S 
We hav e made a great deal of progress in understanding superfluidity

in submonolaver He~ f i lms in the las t year due to a col l abora ti on w it h

Jack Mochel. Mochel has very beautiful , high precision measurement s of

third sound velocity and attenuation from .1°K to l° K. We have interpreted

- 

4 the se measurements using a theoretical model which is a two—dimensional

version of Landau ’s quan tum hydrod ynamics . The model predic ts an elementary

exc it at ion spec trum which can be used to calcula te the tempera ture depend enc e

of th i rd  sound , thermal boundary resistance and critical velocity effects.
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S Final Pro jec t  Repor t

Lig ht Scattering from Non—Vibrational Modes in Solids

N. S. Klein

technical Problem

The main objective of this work has been to study non—vibrational

S motions in disordered solids. Particular emphasis has been placed on two

classes of system in which atoms or ions diffuse very rapidly: hydrogen

in metals and fast—ion conductors . The technique used is Raman scatt erin g,

whi ch has not been app lied extensively to metals. A secondary objective of

th is work has been to broaden knowledge of Raman scattering in metals by

appl ying the technique to study lattice vibrations in disordered metals and

in  m e t a l s  that have electronically driven phase transitions .

Ceneral Me thodology

Our general technique is laser—excited Raman scattering . Because of

the great deal of disorder in the materials under investigation , much of the

work requires a third monochromator to be added to the usual double mono—

(-hroma tor to cause a further reduction in the parasitic elastically scatt ered

l aser light. Much of our effort on hydrogen in meta l s has involved the bce

metals n iobium and tantalum , which oxidize readily, especiall y at the tern—

perat~1res necessary to obtain high equilibrium hydrogen concentrations . Th us

the experimen ts have been carried out in an ultra—hi gh vacuum system . This

e
S

I 
has allowed the beginnings of a study of Raman scattering from a thin oxide

3 
layer on niob ium and from adsorbed molecules on the oxide .

4 None of the samp les studied in this work has been readily available ,

and a great dcii of effort has been expended in sample preparation . The fast
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ion conduc tors studied , RbAg4I5 
and NH

4
Ag
4
I5, have been grown from aqueous

solution in a joint effort involving members of three research groups:

Salamon , Klein , and Lazarus. The niobium :hydrogen and tantalum :hydrogen

work  has been done in collaboration with Prof. H. Birnbaum , who has pre—

pared the samples and has been closely involved in various treatments given

the samp les during the Rarnan measurements. The crystals for the TiC measure-

ments were supplied by Prof. V. Williams , who has highly charac te r i zed  them .

The samples of 2H—TaSe
2 

came from Dr. S. F. Meyer of Prof. C. Slichtcr ’s

group. Transport and specific heat measurements on them were made b y Dr. R .

Craven of IBM , formerly a member of Dr. Salamon ’s group . The samp les of

l T 1 l Se S) were prepared by K. C. Woo of Dr. F. Brown ’s group . The Raman lfl(1

infrared work on TCNQ was performed on samples prepared 1w Prof. C. l)ePasqu:ili.

Technical Results

- 
(a) Pre—resonance Raman spectra have been obtained by Professor Kl ein

working with Dr. Wozniak and Professor DePasquali for TCNQ and LiTCNQ in

acetonitrile solution using an Ar+ — Kr+ laser and a tunable rhodamine bC

• dye laser. 1 The theory of Albrecht and Hutley has been used to calculate fre-

quen cy factors for the intensity variations for several symmetric vibrational

- 

~ : modes of each molecule. The observed spectra for TCNQ and LiTCNQ with violet ,

bl ue , and green exci tation give evidence of resonance enhancemen t due to

vibronic mixing between at least two violet and ultraviolet transitions. The

Raman spec t ra  for LiTCNQ with yellow , orange , and red excitation show enhance—

m ont  due to a sing le electronic excitation in the near infrared.

(b) Professor M. Klein has developed a theory of lig ht scattering from

the relaxation modes of rap idly diff using atoms or ions using the independent

particle approximation.’
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Professor Klein and D. Gallagher have obtained Raman data on the

superionic conductor Ag
4
RbI

5 
at temperatures of 136 K to 448 K.3 A t 209 K

there is a second order phase transition from a highly ionic conduc t ing

phase to one with less conductivity. The Raman spectrum shows no abrupt

changes at the transition . At high temperatures there are two main features——

a symmetric peak centered at 105 cm~~ , and a shoulder on the Raylei~ li lin e

at about 23 cm~~~. As the temperature is lowered , the shoulder resolves it —

self in to three peaks . Polarized Raman spectra cannot he taken below the

transition at 209 K because the crystal becomes a random superposition of

uniaxial ferroelastic domains.

The Ag ions are surrounded by a distorted tetrahedral cage of I ions.

A similar local geometry is found in ~ — Ag
2
HgI4~ 

and in pli;ise IV of Ag!.

The Raman spectrum of these materials shows a peak at 20 — 30 cm 1 and one

at about 110 cm~~ . Tentative explanations of the spectra in all materials

are the same——the 100 cm~~ peak is a “breathing ” mode of the 1—tetr ahedra ,

an ch the 20 — 30 cm 1 mode is the “attempt frequency ” of the silver ion os-

cilla ting in its potential well. This is presumably the same attemp t vibra—

-
S tion involved in the diffusive jump ing of the Ag ions from site to site. The

100 cm~~ breathing mode is presumably the polaron mode responsible for dress—

• ing the Ag ion ’s motion . Thus the two Raman features may directl y relate to

two processes tha t  are very important to an understanding of the microscopic

d ynamics  of t h i s  super ionic  con du c to r .

(c) Raman spectra have been obtained by Professor Klein , Mr. hlo 1y, and

Professor Will iams on samp les of Tic containing various concentrations of

carl~on vacancies. The vacancies “ind uce” Rarnan scatteri ng that would other—

wis , not be allowed. The first—order impurity—induced spectra show broad

5 --- -5--- - - 
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peaks at  285 and 410 cm in the acoustical phonon region , a gap , and peak s

a t 570 and 680 cm 1 . Some of the details of the spe ct ra depend on the

vacancy concentration ; the general features do not. These data reveal new

information about interatomic forces and bonding in these ma te r i a l s .  For

inst ance , the data suggest strong ly that the first shell of C atoms around

a C vacancy (next—nearest neighbors) have their electronic polarizahility

— more s t ro ngly a f f e c t e d  by the vacancy than do the first nearest ne ighbor

Ti atoms .

(d) Raman spectra have been obtained by Professor Klein and Mr. Holy

on 11 and 2H pol ytypes of TaS 2 obtained from Dr. S. Meyer of Professor

Sl ichter ’s group . This material is a nearly 2—d imensional layered compound

w i t h  very weak bonding between layers.  In the lT pol y t vpe , two Raman modes

have been seen , as pred ic t ed by symmetry a rguments .  Two weaker “ fo rbidden ”

modes .ire also observed . These may be caused by a dis tor t ion of symme t ry

br eaking associated with a charge density wave known to he present in

1T—TaS
2 
at room temperature. In 2H—TaS

2 four Raman are observed ; the l owest

one at 24 cm~~ is a direct measure of the interlayer force constants.

Polarized Raman spect ra have been obtai ned on 2H—TaSe
2 

at temperatures

f rom 300 K to 27 K , below the t ransi t ion to a commensurate charge—density

wave and superlattice. 6 At room temperature all the allowed Raman modes of

• the 211 structure are seen along with a very strong, broad band at 148 cm 1

tha t Is assigned to a combination of two LA phonons hav ing wave vectors on

the line ! from about 0.40 to 1.00 
~~~~ 

The dispersion curve for this branch

S 
shows softening and a Kohn anomaly .7 

I

-

- 
Diffrac tion studies on 2H—TaSe

2
7
’
8 show a transition from a normal

lattice to one with an incommensurate charge density wave (CDV) at 122 K

_ _ -5--5- 5--5~~~~~~~~~~~~~~~~-~~~~~~~~~-~~~~~~- -5-- -~~~~~~~~~~~~~~~~~~
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fol lowed at 90 K by a transition to a commensurate state. These studies

strongly suggest , but do not prove , the coherent superposition of three

CDW ’s. Neutron diffraction studies give the static displacements in the

distorted state , but they are relatively insensitive to the absolute phase

angle. A t low temperatures six new low frequency Raman modes are seen .

‘Ihese a re in terpre ted  as new zone center optical  phonons tha t resu l t f ro m

fold ing in the anomalous LA mode at 2/3q~~. Their number and Raman sym-

metries are consistent only with an inversion—symmetric , 3CDW state. The

Raman da ta have removed the amb igui ties remaining from the d i f f r a c tion

studies and allowed a determination of the space group of the commensurate

CDW state. V . L. McMillan has produced a microscopic model of the lattic e

dynam ics of this state. The parameters in this model are fitted to the

fr equencies of the four strongest  new Raman lines , which ar e ass igned to

amp l i tude and phase modes of the charge demsity wave.

Raman studies have been performed on lT—TiSe
2 

by J. A. Hol y and Prof.

N. Klein in collaboration with  K.  C. Woo and Pro f .  F. Brown . Below the

t r an s i t i on  to a CDV state new Raman—active and infrared—ac tive phonon mod es

a re seen . This is a more complicated system than 2H—TaSe
2 

because the new

modes are derived from the folding of more than one phonon branch . Detailed

under st anding may require more far infrared measurements and the results of

inelastic neutron measurements.

(e) A t t e mpts extending over a two—year period to see Raman scattering

f rom the v i b r a t i o n s  of h y drogen and deuterium in niob ium and tantalum have

• not  been succes s fu l .  Raman s c a t t e r i n g  was seen from pure Ta in the form of a

nice two—phonon density of states. This altered somewhat upon hydrogenation ,

hut no high frequency hydrogen modes appeared. In the case of tantalum this
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n e g a t i v e  resul t  has a positive significance: the vibrations of the hydro-

gen atoms do not appreciably couple to the optical susceptibility at the

l a s e r  photon energy , 2.4 eV. This imp lies that the hydrogen does not in-

t roduce an elec tronic level wi thin 2 . 5  eV of the Fermi level t ha t  can he

reached from the Fermi level via electric dipole transitions. There was

some oxide contamination during the experimen t on hydrogen in niobium and

no two—phonon spectrum was seen , thus the negative result on that system is

not as s i g n i f i c a n t  as it is for tantalum.

The Raman work on niobium showed one broad peak at 660 cm t ha t  is

probably  due to an oxide layer .  To better understand this peak the oxida-

t ion of clean Nb surfaces at very low pa r t i a l  pressure of 02 was s t u d i e d .  S

At 200° C an amorp hous NbO layer initially forms giv ing a very broad Raman

peak. A~ the oxide film thickens the NbO crystallizes and the broad peak

develops into severa l sharp Ranan peaks characteristic of NW). Continued

S 

exposure  r esu l t s  in the growth of an amorphous layer of Nb
2
0
5 
on top of the

Nb O , and th i s  r e su l t s  in a broad Raman peak. The Nb
2
0
5 

develops into a

crystalline form as it thickens , and sharp Rarnan lines characteristic of

Nb
2
0
5 
are then observed .

h igher frequency Rainan peaks were also observed at 1350 and 1600 crn~~

• on Nb samples held in a high vacuum system. They were not due to intentional

a d d i t i o n s  of hydrogen.  Their  posi t ions coincide exactly with some infrared

lines observed with deposited Al and Cu films exposed to formic acid vapors.~

-
• The ad sorbed ions were thought to be HC02 .  The niob ium samp les were electro—

polished In l a c t i c  acid before being placed In the vacuum system , and lactic

acid contains HCO
2 units. If such units are responsible for the Raman lines ,

they are probably formed on an oxide layer rather than on the niobium itself.

5
-

-
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~~plications for Further Research

There are several immediate implications of the above resu l t s  t h a t  a re

affecting the continuation of this work. The Raman work on the fast ion con— S

duc to r RhAg
4
I
5 

is curren t ly being extended to NH
4

Ag
4
I
5
, wh i ch has the same

proper ties of ionic conduction and low frequency vibrational nodes hut has in

addition the internal vibrational modes of the ammonium ion that will he

• a f f e c t e d  by the s t a t i c  and dynamical disorder.

Theoretical work has been started and additional experiments are planned

to exp lain why the charge—density—waves in compounds such as TaSe2 pr oduce such

strong new Raman—aetive modes in the low temperature phases.

Attempts to observe Raman scattering from hydrogen in metals are being

extended to fcc metals. A positive result has recently been observed in

Pd:H. Additional feasability studies are planned to determine if Raman scat— F

tering can be used to study chemisorbed species and thin oxide layers on

metal surfaces under controlled conditions.
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S F i n a l  P ro jec t  Report

lUgh Pressure Nuclear Magnetic Resonance and Raman Study of
th e Dynamic Structure of Liquids , Disordered Solids and Polymers

J. Jonas

Technical Problem-__________

The goal of this research was to improve our understanding of the

dyn ami - structure of liquids , disordered solids and polymers by study ing

motion and interactions at a molecular level. Simp le polyat omic molecular

li quids and water were of main interest. In this research summary we em—

S pliasize in particular the work and results on dense liquids composed of

mol ecules approaching spherical shape because these studies enab led us to

draw a number of conclusions of general validity about the dynamic structure

of these liquids. In a sense our experiments on disordered organic solids

S and polymers must be still regarded as exploratarv and in fact represent an

initial successful stage of our systematic effort in t~iis specifi c direction .

General Methodology

In order to obtain detailed information abou t molec ular motion s in

li qu ids and provide meaning ful experimental tests for curren t theor i es of

l iquid s one has to separate the effec ts of temperature and density, i.e., one

has to use both temperature and pressure as experimental variables . It is

not surprising to find tha t the volume changes often p lay a dom inant role in

aff ect ing molecular motions in dense liquids because of the close  packing of

th e molecules. The capability of carrying the NMR and Raman experiments at

high pressure over a wide range of temperatures represents an impor tant and

unique feature of our experiments.

S Nuclear magnetic resonance relaxation experiments provide detailed

----—-5 --- -- - ---- -5 --- --5 -- -
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information about reorientational motion s, anguI~~r momentum correlation

S times and self—diffusion coefficients. Since the NMR experiments yield

the zero Fourier transform of the correlation functions for the appro-

priate motions , we started using laser Raman scartering experiments to

- 
S obtain detailed time dependence of the correlation functions. The question

ot app licab ili ty of various hydrod ynamic equati ons on a molecular le~ el w~ s

of interest and therefore shear viscosities were also measured as a function

ef temperature and pressure.

Techn ical Resul ts

The results of our studies provided direct experimental evidence on

the validity of the idea that the dynamic structure of a dense li quid is

dominated by the harsh repulsive intermolecular forces and that the slowly

varvin : attr ac t ive forces can he neglected . The experimental data were

analvzt- d in terms of the rough hard sphere model of liqui ds based on the

modified Enskog theory . A rough hard sphere mode l of a liquid is a model

for spherical part icles for whi ch inte~ partic1e binary collisions occur in—

- - 
stantaneously and are capable of changing angular as well as linear momentum

S of a p a r t i c l e .  In addition , the rotationa l and translational mo t ions are

coupled. Our experiments established that the rough hard sphere model pro-

vides good description of the dynami cs in dense liquids. The results provided

experimental verification of the molecular dynamics calculations for hard

spheres as reported by Alder et al. From the experiment- il relaxation , d i f—

fusion and viscosity data we obtained effective hard sphere diameters and

their temperature dependence for a variety of molecular l iquids (e.g., b enzene ,

tet r-i rii’thy lsilane , sulf ur hexafluoride , etc.). One specific result worth
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emphasizing was the experimental find ing that the time dependence of the

angular momentum correlation function can be approximated as a series of

uncorrelated binary collisions. In contrast our results showed the im-

portance of many body correlation effects on diffusion and shear viscosity

in agreement with the results of the molecular dynamics calculations. ‘~e

showed the limitations of the hard sphere model at high packing where pre—

dictions from this simple model strongly deviated from experimental data

for all molecular liquids studied. The hydrod ynamic Stokes—Einstein equa-

tio n was found valid in the slipping boundary cond ition for the li quids

investigated .

S The experiments on liquid water and heavy water showed that I

s ion leads to significant distortion of the hydrogen bond t1 - t~~ork with the

important result that the dynamic b~ havior of wa ter under h i gh compression

resembles that of normal molecular liquid of comparable molecular size. A t

high densities , the hard core repulsive interactions begin to dominate over

the d irec tional interactions which are mainly responsible for the open

structure of liquid water at low temperatures and pressures .

The results of two studies were published in the area of disordered

organic solids and elastomers. The self—diffusion study of the disordered

f cc crystalline phase of neopentane indicated that self—diffusion proceeds

v ia a relaxed vacancy mechanism. The pressure effects on the glass transition

were of main interest in the Nt-fR study of several elastomers includ ing natura l

rubber.

For clari ty ’s sake , the de tailed discussion of techn ical resul ts is

d ivid e d into three sections. The first section deals with the experimental

S itid theoretical results obtained in our studies of dense liquids composed of
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molecules approaching spherical shape. This part of our discussion can be

regarded as a final report on this specific class of liquids because we

arr ived at a number of conclusions of general validity and further progress

S in this area must come from development of better theoretical models. The

second section is devoted to hydrogen bonded water and heavy water which

exhibit many anomalous properties when compared to normal atomic and/or

molecular liquids . The third section summarizes the results on disordered

solids and polymers and serves mainly as an illustration of future directions

of our studies

S i) Molecular Liquids

S The Nt-fR spin—la ttice relaxation times , self—diffus ion coefficients ,

shear viscosities and PVT data have been measured in a variety of simp le

polva tomic molecular liquids over a wide range of temperatures and pres-

sures. The dense liqulds~~
6 such as henzene , pyridine , tetrameth y l s i l anc ,

neopentane , perfluorocyclobutane , sulf ur hexafluoride , carbon tetrafluoriW ,

S etc ., are composed of molecules close to a spherical shape. The analysis of

t h e  NNR relaxa tion data and transpor t da ta was based on molec ular dynamics

calculations of transport coefficients for a hard sphere fluid as performed

by Alder et al.7 and on thI~ rough hard sphere model of a liquid as proposed

by Ch andler. 8 These models are based on the Enskog theory 9 and the ideal

that in dense liquid the molecules are so closely packed th at the dynamic

S structure is dominated by the intermolecular repul sive forces depend ing on

t h e  shape of the molecules. As far as our results are concerned the pro—

d i c t i o n s  of the rough hard sphere model agree well wi th the experimental d a t a .

Our data confirm the molecular dynamics calcula t ions~ for diffusion and shear

viscosity of a hard sphere fluid and clearl y show that many body correlations

iL 
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affe ct in a major way the self—diffusion coefficients and cause deviations

from predictions based on the simple Enskog theory. At intermediate den-

sities the self—diffusion coefficient of a liquid is enhanced due to long

persistence of velocity currents (vortex effect), whereas at high densities

S the self—diffusion coefficient is much lower than the Enskog self—diffusion

- 
I 

coefficient. This effect can he ascribed to backscattering caused by the

high probability of reversal of velocity of a particle upon collision with

i ts nearest neighbor in dense systems . The experimental data enabled us to

S calculate the effective hard sphere diameters for the various l iquids studied

and also obtain their temperature dependence. For all li quids we found that

at hi gh packing the predic tions based on hard sphere model deviate signifi—

- cantly from the observed values of self—diffusion coefficient and shear vis—

cosi ties .3~~

There are several possible reasons for the interesting behavior of

the self—diffusion coefficients at high densities . First , there is a dis-

tinct possibility that the extrapolated values from the molecular dynamics

calcula tions may be in serious error at high densities. Secondly, the ef—
41

fec tive hard—core diameters can become a function of density at the high

pack ing  f r ac t ions . This possible dependence of o upon density may have its

S 

orig in in the following. One has to realize that the rough—hard sphere model

S is still a qualitative model , and that the real liquids we deal with in this

study could perhaps be represented as the soft sphere liquid . A softness of

the potential may have a signif icant effect on the self—diffusion coefficients

I,ecause the relationship between the hard spheres and the soft spheres is not

well understood for the t ransport processes.1°

Tn contrast to the behavior of the self—diffusion coefficient and shear

:~~
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viscosity no correlation effects were observed for the angular momentum

S 

c o r r e l a t i o n  times.2’5’6’11 The angular momentum correlation time, i~~, re-

flec ts the time for a molecule to lose memory of its initial angular mo-

mentum and as such it may be expected to be closely related to the molecular

- 

collision frequency . These correlation times were obtained from NIIR m e a s u r e —

rients for liquid systems where spin—rotation interactions dominate the relaxa—

tion mechanism. For all liquids studied (SF6, C4
F8, CF4, CFCL3 

C
6
D
5
F) we

found that the experimental data can be analyzed in terms of the rough hard

S sphere theory assuming that the process determining the t ime dependence of the

angular momentum correlation function can be approximated as a series of un—

correlated binary collisions. It is satisfying to note that the hard sphere

di ametc-rs obtained from the analysis of spin— rotation relaxation data agree

well with those obtained from diffusion and viscosity experiments. One ShoUld

emp hasize that in our studies we provided a direct experimental evidence that

th e effective hard sphere diameter is temperature dependent. This, of course ,

makes ph ys ica l  sense because t h e  repuls ive part of the intermolecular pot ential

in a real fluid has a finite slope and molecules with higher kinetic energy

come closer to each other during a harsh collision and thus exhibit a smaller

H hard  sphere d iamete r .

Since our experiments provided self—diffusion coefficients and shear

v i s c o s i t i e s  of various liquids over a wide range of temperatures and densities

i t was possible to test the validity of the hydrodynamic Stokes—Einstein equa-

tion on a molecular scale.~~’
1 This relation states that the product of the

d iffusion coefficient and the viscosity is a constant related to the diameter

S of the spherical particle moving through a fluid. The many body c o r r e l a t i o n s

which led  to a decrease of diffusion below the Enskog theory are compensated

U;’ -~
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for by correlations which enhance viscosity by nearl y that much. Over a

wide range in volume and temperature the Stokes—Einstein equation Is re—

markably precise and shows that the slipp ing boundary condition is sat Is—

fled well for most of the molecular liquids studied. It is interesting to

n o t e  that this is true in spi te of the fact that the velocity autocorrela—

tion function is not exponential as required by the app lication of the

Stokes theory .

ii) Water and Heavy Water

It is well known that water exhibi ts anomalous behavior12 with pres—

sure when compared with normal atomic or molecular liquids. All the anom-

alies and the consequent “strange” behavior of water under compression have

their origin in the open tetrahedral structure of water at l ower temperatures

due to a wel l developed hydrogen bond network. We measured 1’
~~~

5 the proton

and deuteron spin—lattice relaxation times , self—diffusion coefficients ,

shear viscosity of water and heavy water o”er a wide range of pressures and

S temperatures . Thanks to the capability of performing our experiments under I

h i gh pressure we were able to take advantage of the phase diagram of water

and heavy water and carry out experiments 15 on liquid water at t empe ra tu r e s

below 0°C down to —15°C. In this region the extremes of our measurement  were

ice I and a high pressure ice V.

Analysis of our experimental NMR relaxation , diffusion and viscosity

I 
- 

dat., lead to several important conclusions about the mot ional behavior of

w a t e r  molecules in compressed li quid water and heavy water . First , the initial

i ncr e a s e  in dens i ty  at  low t empe ra tu r e s  produces  a f a s t e r  mot ion  of the w a t e r

molecules . This is easil y understood in terms of a simp le physical picture .

S 
Since reorientation and diffusion of water molecu les must proceed via breaking
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and reforming of hydrogen bonds , one can readily see that high compression

which changes the optimal tetrahedral hydrogen bond network will facilitate

such dynamic processes. Only at higher densities or higher temperatures

further compression will hinder molecular motions due to increased packing

and stronger short—ranged repulsive interactions. Under these conditions

S the behavior is alread y analogous to that  found f o r  no rmal a t o m i c  and mo-

l e c u l a r  liqu ids  where compression slows down the motional processes. Second ,

compression resu l t s  in a decreased coupling between the rotationa l and trans-

lational motions as reflected in the relationship between the reorientational

correlation t ime of water molecules and shear viscosity. Therefore , the Debye

equation fails to describe the effect of density on the r e o r i e n t a t i o n  of

S water molecules. Third , we find that the activation energ ies for relaxation ,

diffusion and she.ar viscosity decrease with increasing density. Fourth , at

hi gh temperatures and high compression the dynamic structure of water re—

S sembles that of a hard sphere system . From these findings we conclude tb-i t

compress ion of water  produces m a j o r  changes in the random hydrogen bond net—

work with the result that water begins to behave more as a normal liquid

under high compression . All our experimental results are in agreement with

recent molecular dynamics calculations on water by Stillinger and Rahman .1 ’

iii) Disordered Solids and Polymers

Due to its spherical shape neopentane (C(CH3)4) represents an excellent

example of a molecule exhibiting a high temperature disordered solid phas e, a

- S so—called plastic phase. The dominant feature of this Ic- c lattice is the

1 l~ rge digree of reorlentational freedom but there is also evidence suggesting

- -; 1 a substantial amoun t of translational freedom . The N1’IR proton spin—lattice

S relaxation t imes have been measured in the disordered crystalline phase of
-
~

- -
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neopentane 17 as a function of temperature and pressure . The molecular re-

o r i e n t a t i o n  and s e l f — d i f f u s i o n  con t r ibu t ions  to observed r e l axa t ion  t ime

S were separated and the activation parameters were calculated for these two

processes . In contrast to weak pressure dependence of the overall molecular

reorientation , the self—diffusion exhibited a strong pressure dependence.

The activation volume for self—diffusion was found to he close to the mo-

lecular volume of neopentane . Based on analogy with close—packed metals

this finding indicates that self—diffusion in the p l a s t i c  phase of neopen tane

proceeds via vacancy mechanism .

The work dealing wi th the high pressure NNR study of molecular motions

and glass transition in several elastomers18 can be regarded as a successfu l ,

preliminary study for future experiments related to glass transition in

amorphous pol ymers . The NMR proton spin—lattice relaxation times , T1,  have

been measured in natural rubber , synthetic cis—l ,4—poly isoprene , cis—l ,4—

polvhutadiene and natural rubber gum stock over a range of pressures from

I bar to 3 khar at temperatures from _100 to 100°C at 24.2 and 56.4 MHz.

Using  the concept of the most probable correlation times for the motion of

main  chain segments the activation enthalpy and activation volume were cal-

culated from the temperature and pressure dependencies of the T1 minimum.

l’he finding that AV4 increases wi th  increasing temperature , and the relative

role of thermal and volume effects on relaxation were briefl y discussed . The

-
~~ observed pressure dependence of the glass transition temperature for these

elastomers indicated that configurational entropy rather than volume plays an

important role in determining the glass transition .

As it is clear from the above discussion , our NMR relaxation experl—

ments were performed under conditions of extreme pressure and temperature .
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Changes in those conditions produce subseQuent changes of electrical pa-

rameters in the NMR sample probe, which in turn lead to variations of

effective radio—frequency field and its phase. Thus, frequent reoptimiza—

t i on  of rf  pulse lengths and phases are always necessary . Therefore we

decided to develop a computer—direc ted  automated system~~ for the measure-

ment of the NMR spin—lattice relaxation times. This system automaticall y

generates and optimizes the pulse sequences and carries out the measurement

of spin—lattice relaxation times automatically. ‘~e found three major ad-

vantages of this system : i) substantially improved precision ; ii) reduction

of measurement time ; iii) more accurate optimization of pulse lengths and

phases than for manual operation . Further work is in progress on an auto-

mated system for NMR relaxation experiments in the rotating coordinate frame .
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Final Project Report

Structure of Liquids

W. H. Flygare

Technical Problem

S The purpose of this research is to examine the dynamics and static

s t r u c t u r e  of l iquids  inc luding  li quid  c rys ta l  systems above the liquid crystal

phase t r a n s i t i o n  t empera tu re . We are primarily interested in the inter-

molecular forces which are important in determining the orientational structure

in l i q u i d s .  However , we have also examined the behavior of a binary system

w ith respect to hard core repulsive forces and their role in dynamic prop-

erties such as mutual diffusion .

(;eneral Methodology

The general experimental technique is light scattering. Starting with

S a mon ocnromatlc  opt ical  source (Ar+ ion laser), both the intensity and spe ct rum

of t h e  s c a t t e r e d  l i g h t  are examined to gain i n f o r m a t i o n  about  t he  s t a t i c  and

dy namic features of scattering medium . The above data is interpreted by VIs ing

a corre la t ion func tion theory for the scattering medium . The experimental

correlation function , which is the Fourier transform of the scattered light

s p e c t r u m , is w r i t t e n  (according  to the ergodic h y p o t h e s i s )  as a f u n c t i o n  of

the space—time--orientation correlation function of the particles in the scat—

tering medium . A model of the scattering medium then allows a comparison with

the experimental data. By carefull y studying the correlation function as a
j

‘1 function of temperature and density (in a high pressure bomb) we are able to
1?

Infer the nature of the close range forces causing both t h e static and dynamic

features of the li quid structure.
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Technical R e s u l t s

Building on our earlier work on p—methoxybenzlid ene—n—hut y l a n i l in e

(MBBA)~ which concluded that orientational pair correlations (OPC) were

termined by the size and shape of the molecule , we exam ined several chem-

i cal analogs of MBBA which changed considerably the electric dipole moments

in these molecules.” The OPC were analyzed as a function of density and

temperature as a function of size , shape , and moment of the molecules. We

found that the molecular size and shape (repulsive) largely determined the

OPC in these liquid crystal forming molecules .

A t th is time we initia ted a study of intermolecular forces in the sys-

tem of substituted benzenes where the size and shape remained relatively con-

stant with substitution , but the electrical moments changed markedly . Before

th is, however , three important studies were necessary in interpreting accu-

ra tel y the OPC data in these systems . These studies included the first

q uantitative attempt to understand on an experimental and theoretical basis

the nature of the “local field” at the scattering molecu le , ’ a careful stud y

of mutual diffusion in binary systems , which showed for the first time that

• hard core diameters could be transferred from one binary system to another ,
1’

f and finall y a careful study of the polarizabilitv anisotrop ies and their dis-

pers ions  was also comple ted . 5 These above s tudies  were a pre lude  to the main

stud y of orien tational pair correlations in systems of equal size and shape

wi th different electric dipole moments.6

The nature of the intermolecular forces which are important in deter—

~ 
mining the magnitude of orientational pair correlations (OPC) in li quids was

studied by combining high pressure and depolarized Rayleigh light scattering

techni ques. For molecules of similar shape (toluene , hromohenzene , and nitro—

A
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he magnitude of the :~c as measured by depolarized
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l i g h t  s c a t t e r i n g  is not simply a f u n c t i o n  of the packing of the molecules .

S For sixteen monosubs t i tu t ed  derivatives of benzene of similar size and shape ,

we find that the magnitude of the OPC correlates well with the square of the

molecular dipole moment. This correlation of OPC with di pole moment is under—

S stood by relating both the molecular dipole moment and the magnitude of the

• OPC to the detailed distribution of molecular electronic charge . The light

scattering reorientational relaxation times for toluene , bromobenzene , and

nitrobenzene as a function of pressure have also been measured and found to

be l i n e a r  f u n c t i o n s  of viscosi ty .
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j~plicat ions for Further Research

The most obvious implica tion for future research would be to try and

determine the effects of an orientating electric field on the orientational

pair correlations in liquids composed of molecules with large dipole moments.

S These studies may have some bearing on the nature of molecular pyroelectric
S 

-:
materials such as polyvinylidene difluoride. Can molecular polarization be

f r o z e n  in to  an amorp hous m a t e r i a l  by f a s t  cool ing in an electric field?
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